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Although some studies have failed to document a substantial role for AVP in blood pressure control in heterogenous groups of human subjects (49) , AVP has been implicated as a significant contributor to blood pressure control in selected populations of humans (19, 48) . Specifically, African Americans (3), the elderly (15) , and patients with congestive heart failure (19) or chronic renal failure (2) all exhibit AVP-dependent hemodynamic changes (7) . Importantly, these populations of humans all exhibit low levels of circulating renin (75) . As low-renin hypertension accounts for a larger (27%) fraction of human essential hypertensives than high-renin hypertension (16%) (39) , it is unclear whether therapeutic targeting of AVP may have been prematurely overlooked as an antihypertensive therapy for selected populations of hypertensive patients.
Together, these findings have led us to question whether the elevations in AVP are necessary to cause or maintain hypertension due to chronically elevated brain RAS activity and to probe the mechanism(s) of action of AVP in this context. We hypothesized that transgenic activation of the brain RAS would elevate plasma AVP, and that actions of AVP are required to induce hypertension by the brain RAS through some combination of vasoconstriction and altered renal function. To examine these hypotheses, we utilized a unique transgenic animal model previously developed in our laboratory (21, 54) . This double-transgenic model (the "sRA" model) takes advantage of the species specificity of the renin-mediated cleavage of angiotensinogen to cause brain-specific hyperactivity of the RAS. We have previously demonstrated that these animals exhibit a robust chronic hypertension, polydipsia, polyuria, and an ele-vated resting metabolic rate. Importantly, we have also previously determined that sRA mice exhibit elevated plasma AVP levels and a suppression of the circulating RAS despite elevated renal sympathetic nerve activity (21) . Here we demonstrate elevated neuronal AVP immunostaining (specifically in the supraoptic nucleus), increased daily secretion of AVP, robust desensitization of the vasculature of sRA mice to AVP, and the necessity of V 2 AVP receptor signaling in the maintenance of hypertension and hyponatremia in this model. These findings highlight a major role for AVP in the hypertension of sRA mice.
MATERIALS AND METHODS
Animals. All animal work was approved by the University of Iowa Animal Care and Use Committee and was performed in accordance with the National Institutes of Health "Guide for the Care and Use of Laboratory Animals." Double-transgenic (sRA) mice were generated as previously described (21, 54) . Briefly, "sR" mice expressing human renin under transcriptional control by the neuron-specific synapsin promoter were bred with "A" mice expressing human angiotensinogen under transcriptional control by its own promoter (line 11110/2 ϫ 4284/1). Because of the species specificity of the reaction, human angiotensinogen is only cleaved to form angiotensin I by human renin. Hyperactivity of the RAS is thereby restricted to sites of overlapping transgene expression in sRA offspring (i.e., subsections of the central nervous system that normally produce angiotensinogen).
Immunohistochemistry. Immunohistochemical detection of AVP in the brain was performed on 50-m thick sections using a rabbit polyclonal antibody to a synthetic peptide corresponding to the first six amino acids of arginine 8 -vasopressin (Phoenix Pharmaceuticals, Burlingame, CA). Sections were cut from six (3 sRA, 3 wild type) brains perfusion fixed with 4% paraformaldehyde and 0.5% glutaraldehyde and incubated in a 1:1,000 dilution of antibody for 24 h at 4°C. The brains of sRA mice were "notched" for identification and incubated with sections from wild-type animals. After incubation in a biotinylated goat anti-rabbit secondary antibody and avidin-horseradish peroxidase, immunoreactivity was detected using 3,3=-diaminobenzidine as a chromagen. On four sections from each animal, matched for rostrocaudal level, AVP-immunostained fragments larger than 10 m were counted in the PVN and SON using ImageJ software from the NIH.
Blood pressure (tail-cuff). Here we first examined blood pressure in sRA mice using a Visitech Systems BP-2000 tail-cuff blood pressure monitoring system, as previously described (59) . Briefly, animals were acclimated to warmed restraint boxes daily for 1 wk. Once acclimated, 30 measurements of systolic blood pressure were averaged from each animal daily for 2 wk to assess baseline blood pressure. Conivaptan (Vaprisol, YM 087, 22 ng/h sc, Baxter Healthcare) or tolvaptan (OPC-41061, 22 ng/h sc, Sigma Aldrich) was delivered to distinct subsets of mice by osmotic minipump (model 1004, Alzet). After osmotic minipump implantation, pressures were recorded daily for 10 days to assess drug effects.
Blood pressure (telemetry). Radiotelemetric blood pressures were recorded from the carotid artery essentially as previously reported (21) . Briefly, a telemeter probe (DSI, model TA11PA-C10) was inserted into the common carotid artery under ketamine-xylazine anesthesia. After Ͼ2 days of recovery, blood pressure, heart rate, and spontaneous physical activity were recorded for 30 s every 5 min using the Dataquest program (DSI). After baseline recordings, mice were chronically delivered conivaptan and tolvaptan via osmotic minipump that was implanted through an interscapular incision into the subcutaneous space of the back under isoflurane anesthesia.
Aortic vascular reactivity. Abdominal aortic rings were assessed for vascular reactivity as previously described (24) . Briefly, mice were euthanized by overdose of pentobarbital (50 mg Ϫ7 mol/l), and ET-1 (10 Ϫ11 -10 Ϫ8 mol/l) were then assessed. The artery was then superfused with calcium-free Krebs buffer containing 10 Ϫ5 mol/l sodium nitroprusside and 2 mmol/l EGTA to maximally dilate the vessel. Internal and external diameters were measured at 75 mmHg. Wall thickness, media-to-lumen ratio, and cross-sectional area (CSA) were calculated as previously described by Neves et al. (45) .
Gene expression. Mesenteric arteries (superior mesenteric artery excluded) and kidneys were snap frozen in liquid nitrogen and RNA was extracted in TRIzol. Total RNA was isolated using an RNA Purelink Minikit (Invitrogen) following the manufacturer's protocol. Concentrations were determined using a NanoDrop ND-1000 spectrophotometer. cDNA was generated by RT-PCR using SuperScript III (Invitrogen). qRT-PCR was performed using TaqMan gene expression assays (Applied Biosystems): RGS2 (Mm00501385_m1), RGS5 (Mm00501393_m1), V1A (Mm00444092_m1), ETA (Mm01243722_m1), GAPDH (4352932E), or SYBR-green assays (primer sequences in Table 1 : NKCC2, NCC, NHE3, ENaC-␣, ENaC-␤, ENaC-␥, NKA-␣, V2R, AQP1, AQP2, AQP3, AQP4, PGES, and UT1-A) normalized against ␤-actin. SYBR-green reagents from Bio-Rad were utilized, and all real time reactions were performed on a Bio-Rad iQ5 iCycler.
Blood and urine analyses. Plasma was obtained by collecting whole blood by submandibular bleed into lithium-heparin-coated tubes, then centrifuged at 5,000 g for 5 min, and the supernatant transferred to a fresh tube and frozen at Ϫ80°C until analysis. Urine was collected using Nalgene single-mouse metabolism cages as previously described (21) . Copeptin was measured using an ELISA kit (USCN Life Sciences) according to the manufacturer's instructions. Blood chemistries and urine creatinine were determined using a handheld iSTAT clinical chemistry analyzer (Abbott), with CHEM8ϩ cartridges. Urine protein was determined using a bicinchoninic acid assay kit (Thermo Fisher/Pierce), according to the manufacturer's instructions.
Statistics. Data were analyzed by ANOVA with repeated measures as appropriate. Post hoc analyses were performed using Bonferroni multiple-comparisons procedures. EC 50 and maximum response calculations were performed by fitting individual dose-response data sets to a four-parameter logistic function (Hill slope method); y ϭ min ϩ (max Ϫ min)/[1 ϩ (x/EC50)^Hill slope]. All mRNA-fold changes were calculated using the Livak method (40) . All analytical comparisons were performed using SigmaStat/SigmaPlot (Systat). All data are presented as means Ϯ SE.
RESULTS
In both sRA and wild-type animals, AVP immunoreactivity was observed in the cells in the suprachiasmatic (SCN), SON, PVN, and circular nuclei of the hypothalamus as expected (32, 70) . AVP-immunoreactive fibers were traceable from the SON and PVN to the median eminence (Fig. 1A) . Though there was no obvious difference in the numbers of AVP immunoreactive neurons in the SCN and PVN between sRA and wild-type animals, neuronal and fiber immunoreactivity was consistently denser in the sRA animals. The most striking difference between sRA and control animals was the doubling of the number of AVP immunoreactive neurons detected in the retrochiasmatic part of the SON in sRA animals ( Fig. 1, A and B) compared with the retrochiasmatic SON in wild-type animals.
Copeptin is the COOH-terminal fragment of the fully translated AVP proprotein and is therefore translated in a 1:1 molar ratio with AVP. Because it exhibits a far greater biological half-life than AVP, it has been proposed as a more reliable measure of chronic AVP release than AVP itself (63) . Copeptin levels were significantly reduced in plasma from sRA mice (Fig. 1C) . Because of its small size (38 amino acids, 4.22 kDa), however, this protein is rapidly cleared from the plasma by the kidneys. Copeptin concentrations appeared elevated in the urine from sRA mice, though the difference was not significantly different. After we accounted for the grossly elevated (ϳ7-fold) urine production rate of sRA mice, however, it is clear that the total daily copeptin clearance into urine is grossly elevated in sRA mice (ϳ20-fold, Fig. 1D ). These data together indicate that there is an approximate 20-fold increase in AVP secretion in sRA mice. This large difference in total daily copeptin loss to urine was still present (8-fold) after normalization for total daily urine creatinine (creatinine: control, 0.20 Ϯ 0.03 vs. sRA, 0.40 Ϯ 0.05 mg/day, P Ͻ 0.01, and copeptin/creatinine: control, 49 Ϯ 36 vs. sRA, 406 Ϯ 176 pg/mg, P ϭ 0.05) or (10-fold) after normalization total daily urine protein (protein: control, 41 Ϯ 4 vs. sRA, 86 Ϯ 9 mg/day, P Ͻ 0.01, and copeptin/protein: control, 180 Ϯ 100 vs. sRA, 1,845 Ϯ 665 mg/mg, P ϭ 0.02).
Under baseline conditions, sRA mice exhibited a hypertension that was easily detectable by tail-cuff ( Fig. 2A) . These data replicate our previously published measures of hypertension in this model, as determined by direct cannulas and by radiotelemetry (21, 54) . Chronic subcutaneous infusion of the nonselective, nonpeptide AVP V 1A /V 2 receptor antagonist conivaptan resulted in a complete normalization of the hypertension in sRA mice. Continuous recording of blood pressures in an exemplar sRA mouse at baseline and during 18 days of continuous subcutaneous conivaptan infusion documented a gradual but substantial reduction in blood pressure (Fig. 2B ) that was paralleled by a slight reduction in heart rate ( Fig. 2C) . Importantly, spontaneous physical activity remained normal throughout the recording period, suggesting that the animal was not lethargic or otherwise ill due to the surgery and conivaptan infusion (Fig. 2D) .
To dissect the relative contributions of various vasopressin receptor subtypes in the hypertension of sRA mice, we next examined the blood pressure consequences of chronic subcutaneous infusion of the V 2 -selective antagonist tolvaptan. Chronic infusion of tolvaptan caused a nearly identical normalization of blood pressure (Fig. 2E ) to that observed with conivaptan ( Fig. 2A) . Importantly, this blood pressure reduction was confirmed in a cohort of sRA mice tested using radiotelemetry (Fig. 2F) .
Additional evidence for chronic hypertension and vasopressin-specific changes in sRA mice comes from vascular reactivity assays. First, abdominal aortic rings were examined ex vivo for reactivity to selected vasoconstrictor and vasodilator compounds. Aortic rings from sRA mice exhibited normal constrictor responses to potassium chloride (Fig. 3A) . Abdominal aortic rings exhibited a robust rightward shift in responses to the vasodilator acetylcholine (Table 2 ), but normal responses to sodium nitroprusside, indicating endothelial dysfunction typical in chronic hypertension models (Fig. 3, B and  C) . Supporting a chronic elevation in AVP levels, abdominal aortas from sRA mice exhibited a robust suppression of constrictor responses to AVP (Fig. 3D) , reflected both in a trend toward a rightward (reduced) potency shift and a significant suppression of maximal response (Table 2) . No potency or efficacy changes were observed in contractile responses to PE, ET-1, ANG II, or PGF 2␣ (Fig. 3, E-H) , suggesting AVPspecific changes in the sRA vasculature.
Acknowledging that smaller arteries are important in controlling peripheral resistance, vascular reactivity of secondorder branches of mesenteric arteries were next examined using pressurized myography. Mesenteric artery branches exhibited a significant reduction in contractile response to potassium chloride (Fig. 4A) ; however, normalization of other constrictor responses to this lower KCl response in sRA mice had no qualitative effect on data interpretation (not shown). Similar to abdominal aortic rings, mesenteric arteries from sRA mice exhibited a trend toward a rightward shift and a substantial suppression of maximal response (Table 2) to AVP (Fig. 4B) .
Mesenteric arteries exhibited normal contractile responses to PE, with no change in efficacy or potency. In response to ET-1, mesenteric arteries from sRA mice exhibited a normal maximal response and a small but statistically significant leftward potency shift. These data confirm an AVP-specific desensitization in smaller arteries of sRA mice, further supporting the conclusion that AVP is chronically elevated in sRA mice. Mesenteric arteries from sRA mice exhibited substantial eutrophic inward remodeling, providing further evidence of chronic hypertension in this model. While no difference in external diameter was detected between control and sRA mice (Fig. 4C) , lumen diameter was significantly smaller in sRA mice because of increased wall thickness. This resulted in an increased media-tolumen ratio but no significant change in cross-sectional area.
To explain the reduced vascular reactivity to AVP, we next measured expression of the V 1A receptor. Mesenteric arteries from sRA mice exhibited significantly suppressed V 1A receptor mRNA but no change in ET A receptor expression (Fig. 4D) . Furthermore, there was a selective downregulation of regulator of G protein signaling-2 (RGS2) expression but no change in RGS5 expression. . C: plasma copeptin levels (n ϭ 4 male ϩ 4 female control, 4 male ϩ 4 female sRA). D: urine copeptin concentration, total daily urine volume, and total daily copeptin loss into urine (n ϭ 12 male ϩ 5 female control, 10 male ϩ 7 female sRA). All data are means Ϯ SE. *P Ͻ 0.05 vs. control.
In contrast to vascular V 1A downregulation, renal V 2 receptors and aquaporin-2 mRNA levels were unchanged in sRA mice ( Table 3 ). The only renal transporter that showed significant changes in expression in sRA mice was the sodiumchloride cotransporter (NCC, 5-fold of control, P Ͻ 0.05), though the sodium/hydrogen exchanger (NHE) showed a trend toward reduction (NHE3, 0.6-fold of control, P ϭ 0.08) and the ENaC-␣ subunit showed a trend toward elevation (ENaC-␣, 10-fold of control, P ϭ 0.08). It should be noted that these renal gene expression assays were performed on only male sRA and littermate control mice, and the statistical power is low due to a small number of replicates per group (n ϭ 4 each). Thus it is possible that the changes in NHE3 and ENaC-␣ may both be physiologically significant.
Finally, to more directly probe a V 2 -mediated mechanism in the cardiovascular phenotypes of sRA mice, we examined Fig. 2 . Blood pressure responses to vasopressin receptor antagonists. A: systolic blood pressure (BP), monitored by tail-cuff, at baseline and with 10 days of chronic subcutaneous infusion (22 ng/h) of the V1A/V2 nonpeptide antagonist conivaptan (n ϭ 2 male ϩ 4 female control, 2 male ϩ 4 female sRA). Hourly telemetric blood pressure (B, MAP) and heart rate (C, HR) recordings for 3 days preceding and 18 days during subcutaneous infusion of the nonselective V1A/V2 receptor antagonist conivaptan (22 ng/h) in a female sRA mouse are shown. D: spontaneous ambulatory physical activity counts during conivaptan infusion experiment (in B and C). E: systolic BP, monitored by tail-cuff, at baseline and with 10 days of chronic subcutaneous infusion (22 ng/h) of the V2-selective antagonist tolvaptan (n ϭ 4 male ϩ 5 female control, 4 male ϩ 6 female sRA). F: hourly average radiotelemetric MAP recordings from (n ϭ 4 female) sRA mice at baseline and after 10 days of subcutaneous tolvaptan infusion (Drug ϫ Time, P ϭ 0.029). All data are means Ϯ SE. *P Ͻ 0.05 vs. control, †P Ͻ 0.05 vs. baseline sRA. blood chemistry responses to tolvaptan (Table 4) . We previously documented an approximate 4 mM hyponatremia in sRA mice under baseline conditions (21) . Here we determined that sRA mice were hyponatremic (Fig. 5A ) and hypocalcemic (Fig.  5B) , and chronic tolvaptan delivery corrected both of these imbalances (genotype ϫ drug interaction P Ͻ 0.05 for both). sRA mice also exhibited alterations in chloride, total CO 2 , glucose, blood urea nitrogen, creatinine, hematocrit, and anion gap, and whereas tolvaptan treatment did affect some of these endpoints (potassium, chloride, and blood urea nitrogen), it did so in a manner independent of genotype as no genotype ϫ drug interactions were uncovered (Table 4) .
DISCUSSION
Here we examined a unique double-transgenic mouse model to test the hypothesis that AVP is required for the hypertension induced by the brain RAS. Immunohistochemical examination of the brain revealed elevated AVP levels in the retrochiasmatic part of the supraoptic hypothalamic nucleus but no Data are presented as means Ϯ SE. Aortas: Control, n ϭ 6; sRA, n ϭ 5. Mesenteric artery: Control, n ϭ 6; sRA, n ϭ 6. *P Յ 0.05, and †P Յ 0.001 vs. Control. Fig. 4 . Mesenteric artery vascular reactivity. A: maximum contractile response to 100 mmol/l KCl. B: contractile responses to graded doses of arginine vasopressin, phenylephrine, and endothelin-1 (n ϭ 6 male control, 6 male sRA). C: external and lumen diameters, wall thickness, media-to-lumen ratio, and cross-sectional area of mesenteric arteries maintained at 75 mmHg lumen pressure, in calcium-free conditions. D: mesenteric artery mRNA expression of the AVP V1A receptor, the endothelin-1 ETA receptor, RGS2, and RGS5 (V1A, RGS2, and RGS5; n ϭ 4 male ϩ 5 female control, 4 male ϩ 3 female sRA. ETA, n ϭ 4 male control, 4 male sRA). All data are means Ϯ SE. *P Ͻ 0.05 vs. control.
consistent change in PVN immunostaining in sRA mice. Confirming a required role for AVP signaling in the hypertension, chronic blockade of vasopressin V 1A /V 2 receptors resulted in normalization of blood pressure in sRA mice. While vascular reactivity in multiple arteries to PE, ET-1, ANG II, and PGF 2␣ were largely unchanged in sRA mice, responses to AVP were greatly desensitized. Selective inhibition of V 2 receptors had a potent antihypertensive action in sRA mice and normalized the hyponatremia typical of this model. Together, these data strongly support a required role for AVP, acting at V 2 receptors, in the maintenance of brain RAS-derived hypertension. Increased AVP signaling has been suggested as a mechanism for the hypertension in many models. Mice with either tightly regulated or strongly overexpressed transgenic hyperactivity of the RAS throughout the body require elevated AVP signaling to maintain hypertension (13, 44) . Deoxycorticosterone acetate (DOCA)-salt hypertension, which is dependent on elevated brain RAS activity (31, 38, 50) , also depends on AVP signaling. DOCA-salt treatment results in elevated plasma AVP levels (11, 41, 43, 69) . Intracerebroventricular infusion of the angiotensin-converting enzyme inhibitor captopril into rats both prevented and reversed DOCA-salt hypertension and was associated with a reduction in plasma vasopressin levels despite a reduced blood pressure (31) . The dependence of DOCA-salt hypertension on AVP has also been demonstrated using AVP-deficient Brattleboro rats, as the hypertensive effects of DOCA-salt are greatly diminished in these animals (11, 76) . Complimenting these findings from various hypertensive models, TGR(ASrAOGEN) rats, which exhibit reduced glial production of angiotensinogen, are hypotensive and have reduced plasma AVP levels (56) . These animals also exhibit altered patterns of AVP V 1A receptor expression within the brain (9), further supporting a brain RAS-AVP interaction. Mice deficient for the V 1A AVP receptor are hypotensive, though the relative importance of brain, vascular, cardiac, thrombocyte, and hepatic receptors is unclear (1, 36) .
Effects of the RAS on the production and release of AVP were reported as early as 1970, when Bonjour and Melvin (4) demonstrated that peripherally administered renin or angiotensin II resulted in dose-dependent increases in plasma AVP in dogs. Evidence for direct actions of angiotensin on AVP release within the brain was provided by ex vivo experiments Values are means Ϯ SE. Three-way ANOVA results: G P Ͻ 0.05 main effect of genotype, S P Ͻ 0.05 main effect of sex, T P Ͻ 0.05 main effect of tolvaptan (22 ng/h, 10 days sc), GϫS P Ͻ 0.05 genotype ϫ sex interaction, GϫT P Ͻ 0.05 genotype ϫ tolvaptan interaction, SϫT P Ͻ 0.05 sex ϫ tolvaptan interaction. *Lower detection limit for creatinine assay was 0.20 mg/dl; values below detection were assigned value of 0.20. All end points were evaluated from cheek capillary blood collected in lithium-heparin coated tubes and tested using CHEM8ϩ cartridges in an iSTAT handheld chemistry analyzer (Abbott Labs). using isolated rat neurohypophysis (17) . Electrolytic lesion of the subfornical organ (30) or transection of efferent projections from the subfornical organ (35) both attenuate the release of AVP into the plasma in response to intravenous ANG II. Thus the demonstrations here of elevated brain AVP staining and increased daily copeptin (and thereby AVP) release in sRA transgenic mice were expected. Further work is required to causally link specific RAS receptor subtypes to the AVP elevation, as morphological and functional evidence support roles for both AT 1 and AT 2 receptors in AVP release (reviewed in Ref. 10) .
The strongly increased AVP immunoreactivity in the SON implicates ANG II-mediated hyperactivity in the supraopticneurohypophysial pathway as leading to elevated AVP in sRA mice. ANG II injections into the SON depolarize neurosecretory cells (70) , ANG II-immunoreactive neurons and axon terminals are found in the rodent SON intermingled with AVP immunoreactive neurons, and ANG II and AVP are colocalized in some neurons (32) . It is thus likely that local production and/or actions of ANG II within the SON regulate AVP production and secretion.
AVP is an endogenous agonist for at least four subtypes of receptors. The V 1A receptor subtype is primarily found in the vasculature, signals primarily through G ␣q , and mediates vasoconstriction. V 1A receptors are also present in neurons and appear to signal through cAMP to regulate neuronal function (1, 68) . The V 1B receptor subtype is primarily found in the brain, signals through G ␣q , and stimulates adrenocorticotropic hormone. The V 2 receptor subtype is primarily found in the collecting duct of kidney nephrons, signals through G ␣s , and stimulates water reabsorption through aquaporin mobilization. There is some evidence for expression of V 2 receptors in extrarenal tissues such as lung (16) and cerebellum (33) , though their physiological significance in these tissues is unclear. Finally, AVP is also an agonist at the VACM-1 receptor, also known as Cullin-5, where it elicits calcium mobilization in endothelial cells and renal collecting ducts (5, 6) . Our determination that mesenteric artery V 1A receptors were downregulated in sRA mice but renal V 2 receptor expression was unchanged may suggest a greater role for AVP-mediated renal water retention in the hypertension of sRA mice. Though not directly tested herein, this conclusion is supported by the slow time course for the effects of conivaptan (several days of infusion to see an effect, Fig. 2B ), the antihypertensive effects of tolvaptan (Fig. 2, E and F) , and the normalization of baseline hyponatremia and hypocalcemia in this model (Table  4 and Fig. 5 ) that are typical of the syndrome of inappropriate secretion of antidiuretic hormone (SIADH) (18) .
RGS2 is expressed throughout the cardiovascular system and acts to negatively regulate G ␣q -mediated GPCR signaling, and therefore oppose vasoconstrictor responses (57) . Studies in human patients have revealed a negative correlation between RGS2 expression and blood pressure, with hypertensive patients showing reduced RGS2 expression and hypotensive patients exhibiting elevated RGS2 expression (28, 57, 71) . A similar correlation is observed in hypertensive animal models (9) and was again observed in the present study (Fig. 4D) . RGS2 is known to be regulated in a tissue-specific manner, and within cardiovascular tissues RGS2 is controlled through multiple biphasic mechanisms (74) . Acute activation of G ␣q by various hormone/receptor combinations upregulates RGS2 rapidly, possibly to serve as a negative feedback mechanism. In contrast, chronic stimulation of G ␣q systems appears to cause a tonic suppression of RGS2 expression (9, 67, 74) . Mice deficient for RGS2 exhibit robust hypertension due to chronic increases in peripheral vasoconstriction (25, 27) . Vasopressininduced calcium transients in vascular smooth muscle cells from RGS2 knockout mice are augmented, highlighting the relationship between RGS2 and AVP signaling, presumably through V 1A receptors (65) as these receptors utilize G ␣q signaling (1, 68) . RGS2 knockout mice also exhibit substantially greater end-organ damage from chronic hypertension than do wild-type animals (60) . RGS2 also attenuates cAMP signaling in the kidney through modulation of adenylyl cyclases (23, 64) , which may result in modulation of AVP signaling through V 2 receptors, G ␣s , and cAMP. Indeed, modulation of RGS2 greatly affects renal V 2 receptor signaling and the renal effects of AVP in vivo (55) . Thus it is tempting to speculate that modulation of RGS2 in various tissues, along with elevated AVP signaling, may contribute to the maintenance of hypertension in the context of chronically elevated brain RAS activity.
Differential regulation patterns for V 1A receptors and V 2 receptors in pathological states have previously been described. Góźdź et al. (20) previously demonstrated that in the TGR(mRen2)27 rat model of high-renin hypertension, cardiac V 1A receptors are upregulated compared with control SpragueDawley rats, while renal V 2 receptors are unchanged between strains. Trinder et al. (66) previously demonstrated that in the streptozotocin-injection model of Type 1 diabetes mellitus, rats exhibited reduced hepatic and renal expression of V 1 receptors and AVP-induced inositol phosphate production, while renal V 2 receptors and AVP-induced cAMP production are again unchanged. Thus our observation that vascular V 1A receptors were downregulated and vascular reactivity to AVP was desensitized while renal V 2 receptors and their function were largely unchanged is not unprecedented.
Previously we demonstrated a robust (twofold) elevation in plasma AVP levels in female sRA mice under baseline conditions (collected 4 h into the light phase of a 12:12 light-dark cycle), and this difference was not detected in males (21) . The doubling of plasma AVP concentration was achieved in sRA males as well, following a very brief (4 h) water restriction that had no effect on plasma AVP in control males. In the present study we determined that copeptin loss to urine (the major mechanism for clearance of this 4-kDa peptide) was the same in both male and female mice (Fig. 1D) . While urine copeptin measures relate to the rate of AVP secretion, direct plasma AVP measures relate to both AVP secretion and degradation/ clearance. Thus we now hypothesize that AVP secretion rates are similarly elevated in both male and female sRA mice, but that there exist sex-specific differences in the rates of AVP degradation/clearance. The determination that AVP receptor blockade effectively eliminated hypertension in both sexes in the present study (Fig. 2) further supports this hypothesis. Studies into the sex-specific differences in AVP clearance mechanisms are ongoing. upon V 2 receptors subsequently contributes to elevated blood pressure and hyponatremia. We hypothesize that these effects are mediated through excessive water retention, which when combined with the extreme polydipsia of this model, results in a polyuria phenotype possibly through a pressure-diuresis mechanism. Based on the well-known function of V 2 receptors in renal collecting duct aquaporin-2 mobilization, we suspect a renal-mediated mechanism is hyperactive in sRA mice, though we have not here directly examined the localization of the V 2 receptors responsible for the observed antihypertensive actions of tolvaptan. These data may support the use of the sRA mouse as an experimental model of the SIADH (18) or other diseases characterized by elevated AVP production or reduced clearance. The brain-specific generation and action of angiotensin peptides is gaining substantial interest for the regulation of cardiovascular function, fluid balance, metabolic control, and even learning and memory. Vasopressin is also well-recognized for its role in fluid balance, blood pressure regulation, and various behaviors (pair bonding, altruism, learning, memory, fluid, and food intake), and its production and release are well known to be stimulated by angiotensins within the brain. Therefore, the implication of vasopressin as a primary mediator of angiotensinergic hypertension simultaneously 1) identifies vasopressin as a possible mediator of other newly recognized functions of the brain RAS (e.g., metabolic control, learning and memory, etc.); and 2) identifies angiotensinsensitive, vasopressin-producing brain structures (e.g., the supraoptic nucleus) as major cardiovascular regulatory centers that may deserve substantially more investigation for therapeutically targeting hypertension and other disorders, especially in selected human populations with low-renin hypertension (2, 3, 7, 15, 19, 39, 48, 49, 75) .
